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Abstract 

Callper-type brake simulation experiments Were con- 
ducted on seven different carbon-grapbitd material formula- 
tions against a steel disk material and against a carbon- 
graphite disk material. The effects of binder level, boron 
carbide (B^C) additions, SiC addition^, graphite fiber addi- 
tions, and graphite cloth reinforcement on friction and wear 
behavior were Investigated. Reductions in binder level, addi- 
tions of B^C, and additions of SiC each resulted in Increaied 
wear. The wear rate was not affected by the addition of 
graphite fibers. Transition to severe wear and hi^ friction 
was observed in the case of graphite- cloth- reinforced carbon 
sliding against a disk of similar composition. This transition 
was related to the disruption of a continuous graphite shear 
film that must form on the sliding surfaces if low wear is to 
occur. The exposure of the fiber structure of the cloth con- 
stituent is believed to play a role In the shear film disruptlbn. 

INTRODUCTION 

High friction forces resulting from heavy unit loads and 
high sliding velocities produce large quantities of energy in 
such mechanical components as clutches, brakes, sliding- 
clement bearings, and under certain conditions, seals. In 
terms of rate of energy dissipation, the most severe situation 
is probably to be found in aircraft brake systems. Here typi- 
cal brake applications require the sliding interfaces to convert 
about 4200 N-m/cm^ (20 000 ft-lhf/in^) of kinetic energy per 
unit area to heat in appro:timateIy 30 seconds (1). Unless 
improved materials for brake linings are developed, the trend 
toward heavier aircraft will result in either shorter brkke 
lining lives, which will increase maintenance, or larger brake 
lining area, which will increase landing gdar weight and bulk. 

The life of currently used aircraft brake lining materials 
is determined by wear, which in turn Is atrongiy dejwndent on 
the temperature experienced by these materials during sliding. 
This temperature dependence Is due largely to softening of the 
metal binder (usually wopper or iron) present in the ciirjrently 
used brake Ibiing composite materials (2). In addition, the 
thermal cycling promotes cracking and spallation, which re- 
sults in accelerated wear (3) and oxidation. 

In view of the problems associated with mctal-bascd com- 
positos, two properties that a superior material for use as an 
airci t brake lining should possess become slp^fcnf . These 
properties arc (1) significant mechanical strength at tempera- 
tures approaching 1100° C (2012° F) and (2) a low thermal ex- 
pansion coefficient to reduce thcTmal stfiinBds caused by temi- 


perature gradlehts. improvements in these two properties 
would result in reduced wear^ provided they are not accompa- 
nied by reduced thermal oodductivlty, reduced volume specific 
heat, or tendencies to Undergo adhesive wear. 

There are several material approaches that might be con- 
sidered from the standpoint of these requlrcmehts. Among 
them are the use of ceramics rather than metal-baaed com- 
posites and the substitution of higher temperature metals for 
the currently used copper (4, 5). The approach considered 
herein Is to construct part or all of the brake system (Unift" 
and heat- sink material) of carbon graphite. Carbon-graphite 
materials have demonstrated good frictldn and wear properties 
in that they are nongaiUng and tend to be self-lubricatlng (6). 
Their attractive thermal properties include a conductivity 
comparable to that of metals, a very high mass specific heat, 
a thermal expansion coefficient about one-half that of copper 
based materials, and almost a 100-perceht retention of me- 
chanical properties at temperatures to 1100° C. However, 

Uke the ceramic materials, the carbon graphites do tend to be 
brittle. Another potential problem with caibon-grapbite mate- 
rials is their susceptibility to oxidation (7). 

This work was conducted to determine the friction and 
wear behavior of a series of caibon-graphite materials in a 
high-energy friction situation, similar to that encountered in 
brake applications. The materials selected for this study are 
mtended to show the effects of concentration of carbon binder, 
changes in filler constituents, addition of an oxidation Inhibitor, 
and the presence of a grsq>hite cloth reinforcement on high- 
energy friction and Wear. 

The investigation was performed on a caliper-type brake 
simulation apparatus. Sliding speeds to 31 m/sec <100 ft/sec) 
were used with typical nonfiai unit loads of 88 N/cm^ (127 psi), 
comparable to those conditions encountered in landing opera- 
tions. Hence, the frictional heat generated per unit area was 
of the same order as that in actual aircraft brake applications. 
Wear rates were based on weight loss measurements after 
sliding. Friction was continuously reoonlcd for all experi- 
ments. Optical and scannlrtg electron microscopy (SEM) were 
used to help identify the wear mechanisms. 

APPARATUS 

The apparatus used in this ^udy is shown in Fig; 1. It 
consisted of a 36.6-cm- (14-ln.-) diameter brake disk driven 
by a 30-kW (40-hp) electric motor. The carbon -graphite pad 
specimens were loaded, caliper fashion, against the disk by a 
pair of hydraulic cylinders. Both specimens were fully loaded 
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Hgalniit the lUtik wlthli) \on» Ximx 1/2 idiXinU of onu anothur. 
riu) MriHi'inbly conUlned a b«] I- lit > socket mounting to 
vido lor wpcclnuMi wUnemont with rospoct to Uu) disk. Tho 
Hup|x>K holding the ttpi'cliuenM und h^'draullc cylinder m Was 
rtuaponded fnnn the stutlonary I'rajuowork by a pair of fiaxlble 
plate aHHcmblloB, wlUch allowed lor thu trannmlaslon of the 
friction force to a stniln-gago ring mounted on tho frajnow’ork. 
The rotational spiu*d mid normal force betW't?cn the apoctmon 
ami the dink were also mOttHUrod. 

The experiinenlal eurbon^graphlte pads were 2. 5*1 cm 
(1 in.) in iliameter wiUi a 0.1)5 -cm- (d/S^ln.-) diameter hole 
in the center lor nunmtlng pui’ixiaeH. An antirotation slot w'aa 
prov lik'd on the baek of each pad, a« was a thermocouple hole 
that .allowed for I e nipt.* rat u re reutUngs at a ileptli of 1 to 
1.5 nun p).oi to O.Oii in.) Ix'low the slidbig surface of the pud. 

Tnetlonal foreo, nornial load (hydraulic pivssure), disk 
speed, and tlie temperature indiciit-d by the tliermoeoupl«« m 
each pad were constantly rci'orded. These measured data 
were supplemented by direct obserwition of noise level during 
slulinn, oeeurrejiee of sparking or burning of pad material, 
and gene vat ioji of loose debris. 

MATKIUAUS 

The known pi\tperties .and compti sit ions of the exiierinien- 
t al oa iTxm- g raph it e pad m at e r ia I s a re sliow n in 'rubl e I . \V It h 
the exceptions of graph He -cloth- re info reed eomptisilo (UCUC), 
Ixnvnated graphite (IKl), and the graphite -SIC composite, the 
proee.ssing of these eaiixin-graplUte materials was similar (.s) 
and is briefly summurized here. The filler lUid binder eonsti- 
tvients wove mixed in the imUcated pixipc»i*tions, and tlie mix- 
ture was nioUU'd uiuler the indicated temperature and pressure 
eonditlon.*?. The eornpaets were then heat treated aeeonltng to 
a earefully eonl rolled heating and cooling seh('dule during 
which a maximum lempevaUire of 2800*^' C" (507 2" V) was 
reached mui held for 1 hour. During the heating, escle, \-ola- 
tile sub .stances fivi.i the binder were driven otf, leaving Iv- 
hiiul a eompleteh earlx'm/.ed binder phase. ;\t the extreme 
temperatures, some graphiti/.ation of the binder is also ex- 
peetc d to oeeur (id. 

The Cl cut’ material was prepared by binding layers of 
woven graphite cloth together, the binder Ix'ing a pitch mate- 
rial. The comixisitt' was then subjected to a hlgh-Umipcrature 
heat treatmejit tiering which the binder between the cloth plica 
was earbouizt'd. 

The IKV material is a highly graphitic matrix material 
with the ttdvUtion vH appixtxlmately 10 percent (by weight) of 
Ixiixni eaibiiie (fl jC). The blmier ust’tl Wfta coal tai* pitch, a 
material that oMenaiwly graphiti/es during Uie 2800^' C treat- 
ment. 'Hie exael pixiixirtloi) t>f pUeh binder U unknown but la 
belle\a'd tt> In' alxmt 50 parts by weight- per 100 parte of gra- 
phitic filler male rial. 

i i r aph He s v U\ v n e arblde evnu^xi site awe re t>b( ained f ix'mi a 
coninu rcial soum'. The materials were fomuxl In a eheml- 
ral vapor tlejxtsltUMi (urnate from methane and methyltrl- 


chluroiUtnc gai mlxturea, uid thei pruceaa was oitrrlod out at 
tomporaturoa of about 3iS0Q*^ C. Morphologically, the graplilte- 
illlcon carbide compoaltes eon al sled of SIC needles hi a pyro- 
ly'tlc graphite matrix. The needle orientation of Uie graphlte- 
ailleon carbide brake pads was roughly nonnal Co the sliding 
surface. The concentration of SIC to the pyrolytic graphite 
matrix Was controlled by varying the process temiH'ratlire. 

'Fwo SIC concentrations wore evaluated In this study, namely 
15 and 40 weight percent. Graphite/ silicon carbide composites 
show Unproved oxidation alid erosion resistance compared to 
graplUtle materials, and w'cre therefore considered likely cmi- 
lUdates for Improv'd high energy brake lining materials. 

'five disk materials were used: 17-22 steel (currently 
used a I re r Jilt broJvc disk material) ajid a g raphlte -cloth- 
re Info reed eatixm matcrbil (similar to the GCUC pad mate- 
rial). The nominal comics It Ion of the 17-22 AS steel was 
Fe- 0 . 5C - 1 . :IC r-0 . 5Mo-0 . 25 V . It wa s heal t routed to a hard- 
ness of 45 lU>ckweIl C. 

PHDCKDDHK 

The expi'rimental earbon-grjiphlte pad specimens were 
dry machined to a 0.4-pm (10-pln.) surface finish, lightly 
sttJKled on dry (iOO-grlt ix)tishing paper, tuid then burnished 
against a Unt-free eloUi. They were next baked at 200^ C 
(51) 2*^^ F) lor 2 hours In mi effort to driw off residual coutmui- 
niints. Following tills treatment they were stored In a dess lo- 
cator until removed for testing. 

The 17-22 AS steel disks were ground to a 0.4 -pm surfaee 
finish mid cleaned with trlchloroetl\vlene before use In a test. 

A fresh steel disk was used for each pair of carbon -graph lie 
pad six'etmeiis. The grupiilte-eloth-eom(x>slto disks wore 
used bi the as-reeelwd rondllloii, mid no solvetH treatments 
were applieil Ix'fore testing. Ueenuse of the limited number of 
graphite-cloth- I'einliH'eed eomix>slte disks available, It was 
necessary to run more than one tost with each disk. 

The wear cnlculalions were based on pretest mul jxisl-test 
weight measurements of the (xid s(H'cUiien.s. Since typical 
weight losses vvore of the order of several mllllgrmnH, there 
was ooncern shout the effect of moisture absurtitlon on the 
weight meaBuix'ments. It was found that, w'lthln 1 hour after 
bskeout, the psd weight stabilized; further ex'ixisure to labo- 
ratoiy environment for several days resulted In weight fluctua- 
tions of 1 mg (2\i()"^* inlb) or less. Thus, 1 hour lifter re- 
mo\-»l from the desiccator, the pre-test weight measurements 
were made. Similarly, the ixist- test weight measurements 
wt're made approxlmalely 1 Ixnir after a sliding exix>8un'. 

After the pretest weight measurements, the specimens 
were fsstenod Info the Iftilders, thermoeouples wert* Itmertod 
in a hole In the liaeK of each i>ad, aiul the pads were loaded 
against the stationary lUsk surfacr The ball -in- socket Joints 
wi're tlghto'ned, and the pads were unloaded. The sjxicljueus 
were thus allnod with respect to the disk surface. 

Three lypi's of brake tests were ronducted In this Investt- 
gaUoii. The flri^ ly)X* was dt'slghed to Indicate the frktlonal 


behavior of tho pad molorials undur condltlona oi varied allding 
wjK’od. Ihe teat pAttora Coiuiiated of three ai]nulated~ atop ap- 
plicutiontf loUuwed by three coiiatonl-a|x)ed applications, fol- 
lowed by a fbjttl sliinUated stop. The simulated atop was con- 
ducted by driving the disk at 1800 rpm, which Kavc a 31-m/iioc 
auKiieo »p<*etl. The motor ptiwer wa» tliea witched off u«d the 
brake pada were loaded against the disk with a 765-N (172-Urf) 
force, broking the disk and motor rotor to a slop. The 
con st:uu- speed applications were performed by loading the 
pads with a 7fi5-N nonnal force against the disk for 10 sec- 
onds, with Uie disk driven at constant «pt»cd. The tlu-ee 
consUuk-spv'ed applications were at 31, 30, mid 30 m/aoc 
ilOO, 83, luui 07 ft/ see). The pads were visually inspt'ctcd 
iin the holders) ;vfter the first three simulated- stop exjxisures 
to detenu liu* whether they were damaged or oxcesslvoly worn 
bc’fore lhe> were subjected to the more severe eonstoiU-spiU'd 
exix>su res. 

The second test pattern was a load- variation test consist- 
ing of scqmMitiall^v loadbig the pads under Incrementally in- 
creased normal loads while the tllsk was I'otated at a eonsUmt 
30 m/ sec. The normal loads were 180, 337, 303, 383, *133, 
•103, 303, and 5-13 N (-13, 51, 08, 80. 95, 104, 113, and 133 
Ibt) and the contact Ume was 10 seconds* 

linally, the third type of test was conducted by subjecting 
the expt'rimental materials to a 433- N normal load and a 
3()-m/see sliding velocity for ;ui unbiterrupted exposure of 
00 seconds. The motlN-ution for this type of test was to deter- 
mine whether frletUmal transitions and changes in w'cur mech- 
anisms might acivmpany pixilongcd sliding exp».) sure s. 

1 ho measured weight losses for each type of test were 
translated into wear wlumes. The wear volumes were then 
divided by the frietiomil energy lUssipated during sliding to 
give a siK'eil'ie wear rate which would reflect. lx'»th Uu* wear of 
the pad material ;uul its peKorn\anee as a brake. The jxid 
slitting surfaces were tlieu photographed, juul In some eases, 
scanning elect ixni mieroseopy obsei*\'tttions of the sliding sur- 
fnet* features were made. 

m'.SVVVS AND Disci;ssio\ 

t«em*ral Trietional hehavior 

The cartx)n- graphite - hlgli-blnder iCO-H\l) material 
.servetl as a standard in this experimental study (thougl\ it Is 
not a .statt‘ ol Uu‘ ait material) for the comparison of the fric- 
tion ami wear behavior of the different carbon- graiihfte formu- 
lations. Kigures 3(a) m)d (b) show driitUni data obtained when 
a;-iiu was 'ibieetod to Mliiiing against the 17-33 AS steel 
tilsk mute- WlUi some exeejHlons, to be noted later, these 
result.'* t • . ‘al v>f the frletii>ii behavior exhibtled by most 
of the ci -graphite materials during slUUng against U>th 
the iV-33 .\8 .steel ami graphite -cloth- re Info reed disk mate- 
ria l.'i. I'he friction was wn snuioth and uniform (frUtlon w- 
eUieie.nt, p 9. 13) during the eonstant- speed exjxjsu res. A 
aAi>dit inereuttc in Jrietloa (to fi U») was obsorv<’d toward 
the eiui o{ the slop. Notice most of the friction Ineivase 
took place* afti*r the sliding sjh'ihI had been redoei’d to abi)ut 


16 m/ioc (63 it/nec), as shown in Fig. 2(b). 

When the carboU-graplilte materlalo were subjected to 
sliding b) M load-VkrluUon test conilguratldit, smucwhat lower 
values of friction were measured, as imlleated in the summuty 
of frlctlon-agalfist-lottd results shown in Table II (u). Fuither- 
more, the variation of friction coefficient with normal load 
was irregular, wlU\ the vtUues of friction coefficient usually 
bebtg higher under high normal loads thim under low normal 
loads. Comparing Tables il(a) and (b) shows that all carbon- 
grapIdU' materials, with the exeeptioti of GCUC, cxpi'rleneed 
higher friction when sliding against the graphitC‘^cloth- 
rebiforeed lUak than against the 17-23 AS steel disk material. 

Under prolonged, hlgli-nonnal-load sliding coiicUtkms 
against 17-33 AS steel cUsks, the curbdn -graphite materials 
usually luiderwent a tnumitlon to high, rough friction. The 
results shown in Fig. 3(e) are typical. The load In this ease 
was 463 N (KM Ibf). After about 30 seconds of sliding, eon- 
side rablo Wbration bt'gan to aj)pc»r In the frictional force 
measurement, as indicated by the w ide bond in friction values 
:vfler about 38 seconds. After 30 seconds the friction w'us 
clearly rising ajui im audible squeal accompanied the much 
larger vibration. At the end of the test, alter 35 setH>nd8 of 
sliding, the coofficient of friction was about 0.35, compared 
to 0. 16 at Um beglimlng, UetaUs as to the magnitude of such 
troiisltiuns tind the time i*equircd for them to occur varied 
fn)m tost to test mm did not seem to be a function of the 
carbon-graphite pad material formulation. In some cases 
those transitions were seen U) be I'cversiblo - the friction re- 
turning to a \-ivlue close to that Inlt iUly observed luui agiUn bt»- 
coming smvH)th. In other eases the friction becah\e ho high 
mid the vibration so sovefc that fracture of the pad material 
occur red. 

The wear results summarized In Table III indicate thfll 
some of the carbon-graphite materiids exhibited exceptionally 
severe wear when sliding iigulnst 17-23 AwS steel In either u 
load-varlmlon or a pi'olonged-ex|x>8ure test, but never in a 
Hlmuluted- stop - sjx'ed-wrlation test. 3'he generation ol 
sparks, which is imlieatlw of okidatlon at the interface, was 
ob seized to acimmpahy the severe wear. The sparks, mul 
probubli' two St of the wear, occurred during the heavy load ap- 
plications of the load-s'urlation tests and near the end of the 
no-seetmd ftppheations when bulk i«id temperatufes of 150*^ to 
200® C (303® to 392® F) were measured. The weight choifgc 
incurred during tliese ex|x>m]res was usually much higher thiui 
that resulting fix>m b'sis in which sparking was not obst'rved, 
mul tlur bulk of the specimen weight loss most likely re.suUed 
fiMm o.xidatlon rather than slUling wear. These results wt-re 
not included in tije ea leu I at ion of aw rage wear rates, Vnii their 
t^ecurrenee is signUietmt In assesning llu' ix'rfonunnee of the 
exix'rimental earU>n-graiiliUe materials. 

>Su rf are Shea r I r O bse r vat to n s 

:itU(lIe.s of the suiiaee chara<.*teriHUo.s i»f the eartxm- 
KrapblU* jja<ls (ndleate thtU during sliding the shear taken place 
iii a fhln reoriented layer that f<»rm« on the pad surfaee. This 



concept 1 h discussed In R6fe. 6 and 10. Figure 3 shows the 
surface condition of a CG-HB specimen after a combination of 
siinulated-stop and speed- variation exposures against a 17-22 
AS steel disk. Tills surface is typical of all the carbon- 
graphite sliding eurfacos after such sliding exposures. In 
these eases, transfer films were also seen on the disk sur- 
face. Very few features were apparent in the reoriented layer 
that developed on the carbon -graphite pad sliding surface. 

When viewed in room light the layer exhibited a mirrorlike 
polish. 

After exposure to conditions that produced the type of 
transition described in Fig. 2(c), the sliding surface of the 
carbon-graphite pads showed a distinctly different appearance . 
On a microscopic scale the sliding sux'face of the pads showed 
elongated ''blisterlike*' features that had a metallic appearance 
in room light. These features covered about 10 to 20 percent 
of the surface, the remainder having an appearance like that 
in Fig. 3. Examples of these "blistered” areas are shown in 
Fig. 4. Here the “blistered” areas are seen to be regions 
where the shear layer is disrupted; some structural detail is 
revealed by the way in which the layer breaks up. The shear 
layer is seen to consist of distinct sheets, probably composed 
of preferentially oriented graphite. Regions of graphite sheet 
that have buckled and fractured, with resulting separation 
from the substrate, are revealed by the "glowing" white areas. 
The transition to higher friction may then be related to the 
disruption of a dense, continuous surface shear layer com- 
posed of oriented sheets of graphite. According to the liter- 
ature, disruption can be induced (1) by the desorption of water 
and other vapors from the shear layer (6, 11) and/or (2) by the 
disruption of the surface oxide present on the metal disk (10). 
Once the shear layer is broken up, the pad sliding surface is 
composed of randomly oriented carbon and graphite particles. 
Unless the shear layer is restored, sliding will continue to be 
in a high friction and wear mode. 

Figure 5 shows the surface of a carbon -graphite pad after 
very severe sliding (p >0.5) v.dth heavy wca^. No coherent 
film exists, and there are pockets of loose dibris particles 
at various locations on the surface. On a macroscopic scale 
the sliding surface of the pad exhibits a matte appearance, 
typical of the surface of carbon-graph itc materials after 
undergoing oxidation. The frictional heating was such that 
pad temperatures of 150° to 200° C were measured at a 1-mm 
depth below the .sliding surface. Simple heat-transfer con- 
siderations indicate that the temperature could easily exceed 
600° C (1112° F) at the sliding surface, which would promote 
oxidation of the surface regions. 

Comparison of Wear Re.sults 

Wear results for the experimental pad materials are 
shown in Tables 111(a) and (b) for sliding against 17-22 AS 
steel and graphite cloth reinforced composite disks, respec- 
tively, and average wear measurements are summarlacd in 
Fig. 6. Despite the rather large scatter In wear data, some 
8y.stematic trends in the wear of the various compositions do 
.seem to i?merge. For purpo.sos of compari.son, results ob- 


tained from a currently used copper based aircraft broke ma- 
terial (6), tested under conditions similar to those employed 
heroin, showed a wear rate about an order of magnitude 
greater than that of the CG-HB material. 

Effect of binder level . - The effect on wear of vaiy ing the 
amount of pitch bmder m the prebake mix may be seen by com- 
paring the performance of CG-HB, CG-MB, and CG-LB (car- 
bon graphite with high, medium, and low binder levels, re- 
spectively). For sliding against both the 17-22 AS stSel and 
graphite- cloth- reinforced composite disks, the medium- 
blnder-level material (60 parts by weight per 100 parts filler) 
CG-Mfi appeared to show a higher wear rate than Cither the 
high- or low-bindCr-level materials (CG-HB and CG-LB). 

There are three factors that might accourtt fdr the ob- 
served wear trend. First, the graphite shear film formation 
properties of the carbon graphite might be adversely affected 
by increasing the binder level (thOs decreasing th6 overall 
graphite content). Second, the higher- binder-levfel carbons 
are more prone to oxidation because of the less graphitic 
structure and the greater porosity associated with the binder 
constituent, (No sparking was observed during the tests on 
CG-LB. ) These two factors explain the increased wear rate 
of CG-MB compared to CG-LB. The third factor associated 
with the binder level is a general improvement In mechanical 
properties that accompanies an increase in coiicent ration of 
the binder constituent, as is shown in Table 1(b). This factor 
is probably responsible for the reduced wear rate of CG-HB 
compared to CG-MB. 

Effect of chopped carbdn fiber additions . - The addition 
of finely chopped carbon fibers to the filler (in place of the 
nongraphitic component) of the high-blnder- level formulation 
(CG-FF) resulted in some reduction in wear rate during 
sliding against both disk materials. This may be seen in 
Table UI by comparing CG-FF with CG-HB. 

A pattern of increasing friction with time of application 
was observed when CG-PF was subjected to sliding against 
17-22 AS steel. None of the other carbon graphites exhibited 
this phenomenon. Also, as shown in Table II, the highest 
friction against the graphite-cloth- reinforced composite disk 
was observed in the case of CG-FF. 

An SEM study was made of the features present on the 
surface of a CG-FF pad which had been subjected to sliding 
against a 17-22 AS steel disk. Fiber segments were vlslbic 
on the Wear surface shown In Fig. 7, and there were signs of 
Interaction of the fibers with the film formed o,t the pad sur- 
face. In particular, surface striatlons can be seen In Figs. 
7(a) and (b), which suggests an abrasive Interaction between 
the fiber segments ai^d the sliding surfaces. The interaction 
would have to be caused by loose, broken pieces of fibers as 
they moved out of the contact area. The fibers constitute 
comparatively hard, discrete bodies on the sliding surface 
and have sharp corners and edges generated by fracture. 

Loose, broken fiber segments certainly have the potential to 
mechanlcall.\ disrupt the softer low- shear -strength film - 
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much titi iui oh ru hi VC would. It lu u question of fihci' concen- 
tration »n to whether thi« etfect will result In u macro- 

scopic wear rate . 

KlXect of B^C additions . - Boron carbide lb added to me- 
chanical carbons in order to improve their hlgh-temperature 
oxidation rcbiatance (7,8). Table 11 1 (U) show-? that the carbon 
graphite with additions (CG-BC; underw'Cfit a higher w'ear 
rati' than the basic formulation (CG-HB) when eliding against 
the 17-22 AS steel disk material. The higher wear rale w’ae 
most l.'kely the result of abrasive action by particles of B^C 
additive. However, when considering a full-scale brake ap- 
plication, a trade-off must be made between material Loss due 
to higher wear at the sliding surfaces ajid loss of pixjpeities 
due to oxidation. An increase in the former may be more than 
compensated for through improved oxidation resistance af- 
forded by the B^C additions. Indeed, no m stances of spark 
generation with its associated heavy oxidation W'car were ob- 
served with CG-BC. Firm conclu8ion« regarding the benefits 
to be obtai/ied thix?ugh B^C additions to lugh-energj—brake 
carbon formulations require full-scale experience. 

Friction and wear of graphite-cloth-reinforeed com- 
posite . - The graphite -cloth- reinforced composite (CGRC) 
pads w'ere the most wear resistant of the experimental carbon 
materials when sliding against the 17-22 AS steel disk mate- 
rial. After a sliding exposure, the pad sliding surfaces had a 
polished appearance with the structure of the graphite cloth 
apparent, as shown in Fig. 5>. The continuous fiber structure 
of the composite had remained essentially intact with a con- 
tinuous film smeared over the sliding surface. Figure 8(b), 
iui SEM photograph, shows the fiber structure barely visible 
through the surface film. 

The friction and wear of GCUC pads in sliding contact 
with the g r uph ite -c loth • rend o reed disk were markedly differ- 
ent trom the preceding results. Even though wear rates to the 
pads (Tabic 111(b)) were not significantly’ higher, in.stanees of 
unstable transitions to severe wear and high, irregular fric- 
tion (not rolleeted in the values shown in Table U) were ob- 
served. Fuithermore, these triuisitions seemed to be irre 
versible. J'hat is, once they occurred, severe wear mid hig > 
friction were observed on subsequent sliding exposures, even 
after sufficient time interval/ to allow for specimen cooling, 
as shown in Fig. 0. Tlie severe wear was accompanied by the 
generation 4)f elouiis of loose carbon debris being spewed from 
the eontaet area. The c4)ndition of the GCUC pad surface after 
sue!» a sliding t'Xposure was sigiulleimtly different from that 
shown in Fig. s. E.xpotsed fibers are obvious in the SEM 
photograph s of 1‘ ig . 1 o . A ren > a rka bl < • feature of tht? G C HC 
material shown in these photographs is the vei’y irregular, 
sharp-iaig^al fiber en>ss section. The lack of any coherent 
shear lay er on ll\e pad sliding siirlace is good evidence that 
fibf»r exfH>sure ultimately leads to the disruption of this layer, 
rhe shajM' ol the fibers ar.d the high ne chan leal strength assti- 
eiated with I hem would enable them to act as pi>tentiaUy abra- 
sive eonstituents on the pad surlace. 


The surface condition of the graphite- cloth- re info reed 
disk was aimllar to that of the pad after the incidence of heavy 
wear. A 100-pm- (4x10 ^-in.-) deep wear track was formed 
on this disk, which is extremely significant In view of the un- 
measurably small diuk wear observed after sliding against 
other carbon-graphite materials. Perhaps the use of graphlte- 
cloth-rduiforced ccmqxj sites in high-energy friction applica- 
tions w'ould benefit from the development of a specially formu- 
lated wear surface which w'ould be Integral with the reinforced 
substnUe. 

The wear of the boronoted graphite mati^rial, against both 
the 17-22 AS steel and graphite-cloth- reinforced disk mate- 
rials, was comparable to that of the CG-HB baseline material. 
This is somewhat unexpected in view of the low mechanical 
strength of the boi*onated graphite and the relatively high wear 
showr. by the standard carbon graphite with B^C additions 
(CG-BC). The extremely soft graphite must have effectively 
lubricated the sliding interface. There was no indication of 
abrasive disruption of the surface. The only surface features 
that can be related to wear are the presence of surface pits, 
as shown in Fig. 11, 

In one instance, very severe wear to the boronated graph- 
ite pad was observed. This was a case in which the boronated 
graphite was subjected U sliding against a graphite- cloth- 
re info reed disk following heavy' wear to the disk after sliding 
against GCUC pad material. The wear to the boronated graph- 
ite pads was clearly abrasive, and over half of the pad thick- 
ness was worn away before fracture occuiTed. This happened 
after about 5 seconds of t,iid Lng. One further test in which 
CG-HB was slid against the some graphite -cloth- re info reed 
composite disk showed similar results. Hea\’y abrasive w'ear 
to the CG-HB pad and disk was observed. 

Effect of giC additions . - The friction lx?havior of the 
graphite /Si C composites in contact with 17-22 AS disks was 
strongly dependent on SiC concentration, as may be seen in 
Table 11. Only the 15',vSiC composition showed a coefficient of 
friction comparable to that ol the other carbon-graphite based 
materials, the friction coefficients of the 40JrSiC formulation 
being about twice ns high. The friction coefficients Indicated 
in Table 11 were measured after 15 seconds of sliding, and 
were rapidly rising for the 4(7',. SiC material. The 15)(>SIC ma- 
terial showed veiy steady friction over the entire 15 second 
exposure. 

Wear results for the graphite -5lC composites are summa- 
rized in Fig. (j, and compart'd with the wear of CG-HB (typify- 
ing the iK'rformanct' of the carUm graphite materials). Again, 
only the 15 ‘aSIC conqwsition plumed wear comparable to that 
of the carlxm graphite imaerials. The higher SIC concentra- 
tion material .showed one or two <^rtJer« of magnitud<- higher 
wear tha]! the typical ear’jon graphites. In addition, severe 
scoring cf the 17-22 AS disk resulted frv)m sliding against 
4(7]^ SiC material, with Islands of trim slVi red disk material 
present on the pad surfaces. It ap(M*ars thitt f'iC additions It) 
a graphitic matrix adversely affect friction performance, but 
that a low concentration (<15‘( ) of Sir might be dCRlrablr from 



the stimd|XJint of Improved oxidation rottlatance. 

C/O NO LtUhlO 

liatJfd on the re 8 oils of friction and wear experiments on 
some carbon-Hiaphito material f-yHtemB the loUowlng conclu- 
sions were drawfi: 

1. Uenerally, the c a i*bon- graphite materlaJw demonstrated 
the potential for considerable Incrcaac in brake wear Hie com- 
pared to the copper based composite materials currently used. 

Z It was generally observed that smooth friction and low 
wear depended on maintuiiiing a contbmous oriented graphitic 
shear layer on the sliding surface of the carbon-graphite pad. 

3. The effect of binder level appeared to be as follow s: 

a. Decreasing the bbider level from 70 to 60 parts 
per 100 parts filler resulted in increased wear, which 
correlated with a decrease in mechanical strength. 

b. Further decreasmg ihe binder level to 45 parts 
per 100 parts filler brought about a decrease in wear 
rate despite further strength reductions . This was 
thought to be related to the more graphitic structure of 
the low- binder- level formulation, with the associated 
improvements in graphite shear layer formation and oxi- 
dation resistance. 

4. The addition of fine graphite fibers to the filler of the 
baseline carbon -graphite material resulted m a reduction in 
wear rate against both disk materials. 

5. When boron carbide (B^C) was added to the baseline 
carbon-graphite formulation, a marked increase in wear rate 
was observed as a result of sliding against the 17-33 AS steel 
disk material. 

6. The graphite-cloth- reinforced composite exliibited the 
losvcst woai r;»tc of all Uie carbon-graphite fonmilations 
against the 17-32 AS steel disk milter mi. However, lut im~ 
stable friction and wear trmisition was observed W’hcn sliding 
was against the graphite-cloth- reinforced composite disk ma- 
terial; hea\y wear and erratic friction resulted. 
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7 . The boronated graphite material, though much softer 
and weaker than the other experimental carbon graphites, 
showed wear rates and frictional behavior comparable to 
those of the baseline material 

8. Additions of 15 percent or Icks SiC to graphite based 
materials (in the ionn of CVD composites) might be con.sid- 
ered as an attractive approach to improving oxidation and ero- 
.sion resi.st;mcc without severely i'umpromizing friction and 
wear pi' rfo rm ance . 
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Figure 1. - Brake apparatus 
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Ficiure 2 - Friction data obtained from carbon graphite - high binder 
^ ^CG-HB) sliding against a 17-22 AS steel disk under indicated con- 
ditions. 
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Figure 9. - Friction data obtained from graphite-cloth -reinforced 
composite (GCRC) sliding against a graphite-cloth-reinforced- 
composite disk under a normal load of 382 N (86 Ibf). 









